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Abstract
We have studied the meson-baryon interaction in coupled channels with the same quantum
numbers of Ξbc. The interaction is attractive in some channels and of sufficient intensity to lead to
bound states or resonances. We use a model describing the meson-baryon interaction based on an
extrapolation of the local hidden gauge approach to the heavy sector, which has been successfully
used in predicting Ωc and hidden charm states. We obtain many states, some of them narrow or
with zero width, as a consequence of the interaction, which qualify as molecular states in those
channels. The success in related sectors of the picture used should encourage the experimental
search for such states.
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I. INTRODUCTION
The spectroscopy of baryons with heavy quarks has raised a wave of intensive theoretical
work, with models competing to explain experimental facts and make new predictions. The
reporting of several pentaquark states in Ref. [1], updated recently [2], was a main trigger
of this wave of works, but other works, as the discovery of several narrow Ωc states [3], and
the more recent finding of a Ξ++cc state [4], have also contributed to keep the flame alive.
The Ξ++cc discovery was again a turning point, since previous theoretical works had made
predictions for its existence [5–7] (see further information in Ref. [8]). After the experimental
discovery [4] the attention to doubly heavy baryons experienced a boom and those states
have been considered from various points of view. Much of the attention has been given
to weak decays of these states [9–26], but strong and electromagnetic decays also received
some attention [27–32]. Magnetic moments of these states have also been evaluated in
different approaches [33–36]. Concerning masses and spectra of excited states, sum rules
have contributed their share, with the customary large uncertainties [19, 37–40], and have
also been used to evaluate weak decays [41, 42]. Lattice QCD calculations have also been
done for the ground states [43]. As usual, quark models have been also used, mostly from the
conventional QQq structure, to obtain spectra of doubly heavy baryons [44–51]. Detailed
spectra for Ξcc and Ξbc states, among others, are obtained in Ref. [52] using the hypercentral
constituent quark model. Heavy quark spin symmetry has also been one of the elements
used to obtain spectra of doubly heavy baryons relating the different heavy flavor sectors
[53–55].
Related works include the study of systems of a light pseudoscalar with doubly heavy
baryons [56–58], studies of triple charm molecular pentaquarks of ΞccD
(∗) systems with pion
exchange [59], the use of Lorentz-invariant baryon chiral perturbation theory to study the
ground state of Ξcc [60], the study of electromagnetic form factors of Ξcc, Ωcc [61], and the
study of Ξcc, Ξbc and Ξ
′
bc masses using a scalar confining potential and one gluon exchange
with the Bethe-Salpeter equation [62]. Reviews on these topics can be found in Refs. [63–65].
Related to the works of Refs. [56–58] is the work of Ref. [66], but with more coupled channels.
For instance, in addition to Ξccpi, Ξccη, ΩccK, that account for a light pseudoscalar and a
heavy baryon, the ΛcD, ΣcD, ΞcDs, Ξ
′
cDs channels are considered to produce Ξcc states in
JP = 1/2−, which by themselves give rise to molecular states. Similar states using vector-
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baryon interaction and mesons with 3/2+ baryons are also considered in Ref. [66]. The
approach predicts several states of negative parity between 3837 MeV and 4374 MeV. It is
clear that when including coupled channels with charmed mesons one can no longer invoke
chiral dynamics, as is the case when dealing with light pseudoscalar in Refs. [56–58]. Instead,
a method was found in Refs. [67, 68] to produce a reliable source of interaction in this case:
i) First one realizes that the chiral Lagrangians in SU(3) can be obtained from the local
hidden gauge approach [69–72] by exchanging vector mesons. This was shown in the
case of the pseudoscalar-pseudoscalar interaction in Ref. [73].
ii) Take a typical channel ΞcD and the direct transition ΞcD → ΞcD. The D+ flavor wave
function is just cd¯, and for the Ξc and other baryons we single out the heavy quark
and impose flavor-spin symmetry in the remaining light quarks. Thus, explicitly one
is not making use of SU(4) symmetry. The direct ΞcD → ΞcD transition is mediated
by the exchange of light vectors and c quarks in D and Ξc act as spectators. Then
the interaction follows the SU(3) symmetry of the light quarks. A welcome side effect
is that, since the heavy quarks are spectators, the interaction does not depend upon
them and heavy quark symmetry is automatically implemented.
iii) Some non-diagonal transitions, like ΣcD → Ξccpi, require the exchange of a D∗ and
here the heavy quarks are no longer spectators. Yet, no SU(4) is used in the approach
with the wave functions used, and the vertices V PP , V BB (V for vector, P for
pseudoscalar and B for baryon) essentially count the number of quarks involved in
the exchange. Yet, these terms no longer comply with heavy quark symmetry, as one
finds explicitly, but neither should they, since the interaction goes as O( 1
m2Q
) (mQ for
the mass of the heavy quark) from the D∗ propagator, and these terms are subleading
in the O( 1
mQ
) counting, and small in practice.
iv) One needs a piece of experimental information to fine tune the regulator of the loops
(usually qmax for the modulus of the three momentum), which is adjusted to some
mass and should be of natural size in the range of 600 − 800 MeV. Then the masses
and widths of many states are predicted by the approach.
This said it is not surprising that the approaches which use explicitly SU(4) for the
evaluation of this interaction obtain the same results for the transition matrix elements led
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by the exchange of light vectors, since automatically they are effectively using the SU(3)
subgroup of this group. This is the case of the work of Ref. [74] in the study of Ωc molecular
states. There are differences with respect to Ref. [67] in the transitions including the
exchange of heavy vectors, but since this interaction is small, it is not surprising that in
the end the results of Ref. [74] using SU(4) and those of Ref. [67] where SU(4) is not used,
are very similar.
The approach described above has been very successful, and in Ref. [67] three of the Ωc
states of Ref. [3] were correctly reproduced in mass and width. In Ref. [75] heavy quark spin
symmetry (HQSS) was used to find the relationship between the transition matrix elements
of the coupled channels, D¯(∗)Σ(∗)c , J/ψN and others, to describe the recent hidden charm
pentaquark states [2]. The strength of the interaction was obtained from the evaluation of
the hidden gauge approach described above. Once again, the states found in the experiment
were fairly well reproduced and a few more states were predicted. These results are similar
to those of Ref. [76], where also HQSS is used to evaluate masses, but in addition the widths
are evaluated in Ref. [67].
The approach of Ref. [67] to study the Ωc states is also used in Ref. [66] in the study of
the Ξcc states, in Ref. [77] in the study of Ξc and Ξb states and in Ref. [78] in the study of
Ωb states.
In the present work we study in detail the Ξbc states that can emerge from the
interaction of pseudoscalar-baryon(1/2+) interaction, vector-baryon(1/2+) interaction and
pseudoscalar-baryon(3/2+) interaction. Using the same regulator obtained in cases where we
could contrast with experiment, and the same source of information, we obtain several states
in each sector. We evaluate binding energies and widths, as well as couplings of the resonant
states to the different channels. In some cases we can see a striking dominance of one of
the channels, which allows us to deem the state as a molecular state of this channel. Since
we work in meson-baryon interaction in s-wave, we also evaluate the wave functions at the
origin for the different channels, which provide extra information concerning the relevance
of the channels in different reactions.
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II. FORMALISM
A. Baryon states
In order to see the coupled channels that we need, we classify the meson-baryon states as
1) Meson-baryon states with both b and c quarks in the baryon. For this case, we
have baryons: Ξbc ≡ bcq (q for u or d quark); Ωbc ≡ bcs. The coupled channels
of pseudoscalar meson and baryon are
piΞbc, ηΞbc, KΩbc; (1)
2) Meson-baryon states with b in the baryon and c in the meson. The coupled channels
are
DΛb, DΣb, DsΞb, DsΞ
′
b; (2)
3) Meson-baryon states with c in the baryon and b in the meson. The coupled channels
are
B¯Λc, B¯Σc, B¯sΞc, B¯sΞ
′
c. (3)
Next we take the baryon wave functions isolating the heavy quarks and imposing the
spin-flavor symmetry on the light quarks. In our approach it is important to specify the
spin of the states because, as we shall see below, the interaction is spin independent, which
immediately imposes selection rules in the transitions. The wave functions are summarized
in Tables I and II.
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TABLE I. Wave functions for baryons with JP = 1/2+ and I = 0, 1/2, 1. MS and MA stand for
mixed symmetric and mixed antisymmetric, respectively.
States I, J Flavor Spin
Ω0bc 0, 1/2 bcs χMS , χMA
Λ0b 0, 1/2
b√
2
(ud− du) χMA
Σ+b 1, 1/2
1√
2
buu χMS
Ξ0b 1/2, 1/2
b√
2
(us− su) χMA
Ξ′0b 1/2, 1/2
b√
2
(us+ su) χMS
Λ+c 0, 1/2
c√
2
(ud− du) χMA
Σ++c 1, 1/2 cuu χMS
Ξ+c 1/2, 1/2
c√
2
(us− su) χMA
Ξ′0c 1/2, 1/2
c√
2
(us+ su) χMS
TABLE II. Wave functions for baryons with JP = 3/2+ and I = 0, 1/2, 1. S in χS stands for full
symmetric.
States I, J Flavor Spin
Ω∗0bc 0, 3/2 bcs χS
Σ∗+b 1, 3/2 buu χS
Ξ∗0b 1/2, 3/2
b√
2
(us+ su) χS
Σ∗++c 1, 3/2 cuu χS
Ξ∗+c 1/2, 3/2
c√
2
(us+ su) χS
The corresponding states with different charge are trivial using the u, d quarks. In Tables I
and II χMS, χMA, χS are the spin wave functions of the three quarks [79].
In the interaction we exchange vector mesons as shown in Fig. 1. The lower vertex of
V BB is of the type γµµ, but, with heavy baryons and close to threshold, only the γ
0 ' 1
term is relevant, which means that this vertex is spin independent, and so is the upper
vertex that will go as (pD + p
′
D)
0. For V B → V B transitions, the upper vertex has the
same structure, but with the additional ~ · ~ ′ factor for the vector polarizations, which is
diagonal in the spin of the vectors. With the spin-independent interaction, we can classify
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the meson-baryon channels according to the spin wave functions of baryons, i.e., χMS, χMA
or χS. Hence we have the blocks of coupled channels:
A) PB channels with χMS for the baryon: piΞbc, ηΞbc, KΩbc, DΣb, DsΞ
′
b, B¯Σc, B¯sΞ
′
c.
B) PB channels with χMA for the baryon: piΞbc, ηΞbc, KΩbc, DΛb, DsΞb, B¯Λc, B¯sΞc.
C) PB channels with χS for the baryon: piΞ
∗
bc, ηΞ
∗
bc, KΩ
∗
bc, DΣ
∗
b , DsΞ
∗
b , B¯Σ
∗
c , B¯sΞ
∗
c .
D) V B channels with χMS for the baryon: ρΞbc, ωΞbc, φΞbc, K
∗Ωbc, D∗Σb, D∗sΞ
′
b, B¯
∗Σc,
B¯∗sΞ
′
c.
E) V B channels with χMA for the baryon: ρΞbc, ωΞbc, φΞbc, K
∗Ωbc, D∗Λb, D∗sΞb, B¯
∗Λc,
B¯∗sΞc.
We do not study the interaction of vectors with JP = 3/2+ baryons. From previous works
the states obtained belong to a region where signals are difficult to see experimentally.
ρ, ω
D D
Σb Σb
FIG. 1. Example of interaction for one of the channels.
B. Isospin states
We take the isospin multiplets:
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Ξbc =
Ξ+bc
Ξ0bc
 , (4)
D =
 D+
−D0
 , (5)
D¯ =
D¯0
D−
 , (6)
Ξb =
Ξ0b
Ξ−b
 , (7)
Ξ′b =
Ξ′0b
Ξ′−b
 , (8)
B =
B+
B0
 , (9)
B¯ =
 B¯0
−B−
 , (10)
K =
K+
K0
 , (11)
K¯ =
 K¯0
−K−
 , (12)
pi =

−pi+
pi0
pi−
 , (13)
ρ =

−ρ+
ρ0
ρ−
 , (14)
Σb =

Σ+b
Σ0b
Σ−b
 . (15)
We find the following states classified as BP , BV . For consistency with Ref. [66] we write
the states as baryon-meson. Then
∣∣ΣbD; 1/2, 1/2〉 =−√2
3
∣∣Σ+b D0〉−√13∣∣Σ0bD+〉, (16)∣∣ΣcB¯; 1/2, 1/2〉 =−√2
3
∣∣Σ++c B−〉−√13 ∣∣Σ+c B¯0〉, (17)∣∣Σ∗bD; 1/2, 1/2〉 =−√23 ∣∣Σ∗+b D0〉−
√
1
3
∣∣Σ∗0b D+〉, (18)∣∣Σ∗cB¯; 1/2, 1/2〉 =−√23 ∣∣Σ∗++c B−〉−
√
1
3
∣∣Σ∗+c B0〉, (19)
and the rest are trivial.
C. Evaluation of matrix elements
The evaluation of the upper vertex of Fig. 1, V PP , is done in Ref. [68] using the vector
character of the vertex and the quark content of the mesons. Yet, it was found that for
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practical purpose one can get it from the Lagrangian
L = −ig〈[P, ∂µP ]V µ〉, (20)
where 〈· · · 〉 stands for the matrix trace, g = MV /2fpi, MV = 800 MeV, fpi = 93 MeV and
P =

1√
2
pi0 + 1√
3
η + 1√
6
η′ pi+ K+ D¯0
pi− − 1√
2
pi0 + 1√
3
η + 1√
6
η′ K0 D−
K− K¯0 − 1√
3
η +
√
2
3
η′ D−s
D0 D+ D+s ηc
 , (21)
V =

1√
2
ρ0 + 1√
2
ω ρ+ K∗+ D¯∗0
ρ− − 1√
2
ρ0 + 1√
2
ω K∗0 D¯∗−
K∗− K¯∗0 φ D∗−s
D∗0 D∗+ D∗+s J/ψ
 , (22)
when dealing with charmed mesons, and
P =

1√
2
pi0 + 1√
3
η + 1√
6
η′ pi+ K+ B+
pi− − 1√
2
pi0 + 1√
3
η + 1√
6
η′ K0 B0
K− K¯0 − 1√
3
η +
√
2
3
η′ B0s
B− B¯0 B¯0s ηb
 , (23)
V =

1√
2
ρ0 + 1√
2
ω ρ+ K∗+ B∗+
ρ− − 1√
2
ρ0 + 1√
2
ω K∗0 B∗0
K∗− K¯∗0 φ B∗0s
B∗− B¯∗0 B¯∗0s Υ
 , (24)
when dealing with bottomed mesons.
The lower vertex is trivial to evaluate. The Lagrangian for the V BB vertex is given by
the operator
L →

g√
2
(uu¯− dd¯), for ρ0
g√
2
(uu¯+ dd¯), for ω
(25)
Hence, for instance, ρ0Ξ0bcΞ
0
bc involves the vertex〈
bcd
∣∣∣ g√
2
(uu¯− dd¯)
∣∣∣bcd〉 = −g 1√
2
. (26)
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Then we get finally transition matrix elements
Vij = Dij
1
4f 2pi
(k0 + k′0), (27)
where k0, k′0 are the energies of the mesons and Dij the coefficients which are shown in Tables
in the next section. With the potential of Eq. (27) we solve the Bethe-Salpeter equation in
coupled channels
T = [1− V G]−1V, (28)
where G is the meson-baryon loop function
Gl =i
∫
d4q
(2pi)4
Ml
El(q)
1
k0 + p0 − q0 − El(q) + i
1
q2 −m2l + i
=
∫
|q|<qmax
d3q
(2pi)3
1
2ωl(q)
Ml
El(q)
1
k0 + p0 − ωl(q)− El(q) + i , (29)
and we use qmax = 650 MeV as in Refs. [66, 67, 78]. ωl, El are the energies of the meson and
baryon respectively, ωl =
√
m2l + q
2, El =
√
M2l + q
2, and ml, Ml the meson and baryon
masses. In Eq. (29) p0 is the energy of the incoming baryon.
In order to get poles in the second Riemann sheet we replace G by GII , and it is given
by
GIIl =

Gl(s) for Re(
√
s) <
√
sth,l
Gl(s) + i
2Mlq
4pi
√
s
for Re(
√
s) ≥ √sth,l
, (30)
where
√
sth,l is the threshold mass of the l channel, and
q =
λ1/2(s,m2l ,M
2
l )
2
√
s
with Im(q)>0. (31)
For the evaluation of the couplings gl of the state to different coupled channels, we find that
the Tij matrix can be expressed in the following form close to the poles, zR,
Tij(s) =
gigj√
s− zR , (32)
which defines the couplings gi up to a global sign of one of them.
The approach followed relies on the exchange of vector mesons, which we justified from
the extension of the chiral Lagrangians via the local hidden gauge approach. In meson-
baryon interactions the exchange of pseudoscalar mesons is also sometimes used [80], together
with σ-exchange. Unlike in baryon-baryon interaction where the pi exchange plays a very
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important role, in meson-meson or meson-baryon interaction, pion exchange plays a more
moderate role because the direct PB → PB through pi exchange does not go, since a
three-pseudoscalar vertex is forbidden by parity-angular-momentum conservation. It is
through intermediate states transitions PB → V B → PB that the pi-exchange can have a
contribution. Detailed calculations of its effects have also been considered in the study of
baryon states with open charm [81] and hidden charm [82] and the main source of interaction
remains vector exchange. Also, to some extend, the two step process PB → V B → PB
can be incorporated into an effective transition potential δV for PB → PB, adding to the
vector exchange potential, and this extra potential can again be effectively accounted for by
changes in the cut off that regularizes the loop function G, since [V −1−G] will be the same
with an extra δV and δG = δ(V −1). Yet, not all the contributions can be reabsorbed in
this way and one may expect some remnant contributions to break the degeneracy between
spin-parity 1/2− and 3/2−. That these effects are finally small can be seen in the breakup of
the degeneracy of the Pc(4440) and Pc(4457) states recently observed in Ref. [2]. There are
several works including pion exchange that break the degeneracy of the 1/2−, 3/2− states
around this energy [83–86], but the small difference of mass between these states gives us
an idea of the role played by pi exchange in these cases. Uncertainties of this type in our
predictions must certainly be admitted.
As to σ-exchange, it is empirically accounted for in some of the former works, but the
strength is unknown. However, there is one way to make this exchange quantitative by
going to the root of the σ meson as dynamically generated from the pipi interaction [87, 88].
Indeed, in Ref. [89] the σ-exchange between nucleons was studied from the point of view
of the exchange of two interacting mesons in s-wave. The same picture was used in the
study of the meson-meson interaction describing the Zc(3980) [90] and Zc(4000) [91] and its
effect was found minor. In particular, for meson-baryon interaction, the σ-exchange from
this perspective was considered in Ref. [92] in the study of the K¯N interaction and it was
found very much suppressed.
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III. RESULTS
A. Pseudoscalar-baryon(1/2+) states, mixed symmetric sector
In Table III, we consider the channels in this sector together with their threshold masses1.
TABLE III. Channels considered for sector JP = 1/2− (MS).
Channel Ξbcpi Ξbcη ΩbcK ΣbD ΣcB¯ Ξ
′
bDs Ξ
′
cB¯s
Threshold (MeV) 7057 7467 7482 7680 7733 7903 7945
TABLE IV. Dij coefficients for sector J
P = 1/2− (MS).
JP = 1/2− Ξbcpi Ξbcη ΩbcK ΣbD ΣcB¯ Ξ′bDs Ξ
′
cB¯s
Ξbcpi −2 0
√
3
2
1
2λ 0 0 0
Ξbcη 0 − 2√3 −
1√
2
λ 0 − 1√
6
λ 0
ΩbcK −1 0 0 1√2λ 0
ΣbD −3 0
√
3 0
ΣcB¯ −3 0
√
3
Ξ′bDs −1 ∼0
Ξ′cB¯s −1
In Table IV we show the coefficients Dij of Eq. (27). We find that there are some terms
which go with λ. These terms involve the exchange of D∗ and they are reduced. The value
of λ is the reduction factor versus the exchange of a light vector, which in Ref. [67] is found
to be around λ = 0.25 as in Ref. [93]. Apart from that, when exchanging Bc meson we set
the Dij result as ∼0, since it is highly suppressed.
In Table V the poles for three states that appear in this sector are shown for different
values of the cutoff qmax. As in former works we take qmax = 650 MeV. In Table VI and VII
we take the first two states of Table V and show the couplings gi, and the wave functions
at the origin giGi (see Ref. [94]). We see that the first state at 7131 MeV has a large width
of about 200 MeV and couples mostly to Ξbcpi. However, the second state at 7372 MeV has
1 The masses of the states not reported in the PDG are taken from the quark model calculation of Ref. [51].
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a very narrow width and is basically a ΣbD bound state, although it also couples strongly
to Ξ′bDs. The last state in Table V for qmax = 650 MeV, appears at the same energy as the
former one but the couplings are different as can be seen in Table VIII.
TABLE V. Poles for pesudoscalar-baryon(1/2) (MS) states (all units are in MeV).
qmax 600 650 700 750 800
7132.04+i104.00 7131.50+i95.13 7130.05+i86.36 7127.88+i77.57 7126.10+i68.25
7434.02+i0.52 7372.22+i0.64 7305.50+i0.98 7235.38+i1.72 7162.72+i3.43
7450.31 7372.55 7285.56 7190.26 7087.81
As it can be seen in Table V, the last two states in the row of qmax = 650 MeV are less
stable with the changes of qmax and, hence, more uncertain.
TABLE VI. The coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7131.50+i95.13 Ξbcpi Ξbcη ΩbcK ΣbD
gi 1.70+i1.23 -0.03-i0.10 -0.85-i0.74 -0.67-i0.40
giG
II
i -73.84-i12.90 0.05+i0.64 4.46+i5.46 1.18+i0.96
ΣcB¯ Ξ
′
bDs Ξ
′
cB¯s
gi 0 0.18+i0.19 0
giG
II
i 0 -0.22-i0.29 0
TABLE VII. The coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7372.22+i0.64 Ξbcpi Ξbcη ΩbcK ΣbD
gi -0.02+i0.14 0.27-i0.03 0.08-i0.10 9.40-i0.02
giG
II
i -4.27-i2.06 -3.33+i0.38 -0.95+i1.14 -29.42+i0.01
ΣcB¯ Ξ
′
bDs Ξ
′
cB¯s
gi 0 -5.19+i0.01 0
giG
II
i 0 10.02-i0.01 0
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TABLE VIII. The coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7372.55 Ξbcpi Ξbcη ΩbcK ΣbD
gi 0 0 0 0
giG
II
i 0 0 0 0
ΣcB¯ Ξ
′
bDs Ξ
′
cB¯s
gi 18.10 0 -10.17
giG
II
i -18.43 0 6.96
B. Pseudoscalar-baryon(1/2+) states, mixed antisymmetric sector
We follow here the same pattern as in the former subsection with the mixed antisymmetric
states. In Table IX we show the channels and the threshold masses. In Table X we show
the Dij coefficients. In Table XI we show the states (poles) found in this sector. We find
three clear states, one with a large width of almost 200 MeV and two more states with very
narrow width. The first state is actually the same one that we found before, because it
couples mostly to Ξbcpi as shown in Table XII, and this state appears with MS and MA
spins. However, the second state couples mostly to ΛbD and ΞbDs as shown in Table XIII,
and is then a different state. The state at 7462 MeV couples mostly to ΛcB¯ and ΞcB¯s, as
shown in Table XIV.
TABLE IX. Channels considered for sector JP = 1/2− (MA).
Channel Ξbcpi Ξbcη ΩbcK ΛbD ΛcB¯ ΞbDs ΞcB¯s
Threshold (MeV) 7057 7467 7482 7487 7565 7761 7836
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TABLE X. Dij coefficients for sector J
P = 1/2− (MA).
JP = 1/2− Ξbcpi Ξbcη ΩbcK ΛbD ΛcB¯ ΞbDs ΞcB¯s
Ξbcpi −2 0
√
3
2 −
√
3
2 λ 0 0 0
Ξbcη 0 − 2√3 −
1√
6
λ 0 1√
6
λ 0
ΩbcK −1 0 0 1√2λ 0
ΛbD −1 ∼0 −1 0
ΛcB¯ −1 0 −1
ΞbDs −1 ∼0
ΞcB¯s −1
TABLE XI. Poles for pesudoscalar-baryon(1/2) (MA) states (all units are in MeV).
qmax 600 650 700 750 800
7131.20+i102.93 7130.33+i93.80 7128.44+i84.77 7125.60+i75.91 7121.84+i67.11
7428.22+i0.52 7403.51+i0.93 7373.53+i1.52 7338.59+i2.35 7299.25+i3.59
7492.72 7462.49 7425.33 7381.21 7330.34
TABLE XII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7130.33+i93.80 Ξbcpi Ξbcη ΩbcK ΛbD
gi 1.70+i1.23 -0.01-i0.08 -0.85-i0.73 1.00+i0.42
giG
II
i -73.60-i12.80 -0.03+i0.52 4.44+i5.35 -2.45-i1.67
ΛcB¯ ΞbDs ΞcB¯s
gi 0 0.24+i0.23 0
giG
II
i 0 -0.35-i0.43 0
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TABLE XIII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7403.51+i0.93 Ξbcpi Ξbcη ΩbcK ΛbD
gi 0.02-i0.17 0.24+i0.05 0.25+i0.13 4.06-i0.05
giG
II
i 5.42+i1.92 -3.40-i0.75 -3.35-i1.72 -30.28+i0.20
ΛcB¯ ΞbDs ΞcB¯s
gi 0 3.85-i0.05 0
giG
II
i 0 -10.26+i0.11 0
TABLE XIV. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7462.49 Ξbcpi Ξbcη ΩbcK ΛbD
gi 0 0 0 0
giG
II
i 0 0 0 0
ΛcB¯ ΞbDs ΞcB¯s
gi 7.46 0 7.19
giG
II
i -18.58 0 -7.01
C. Vector-baryon(1/2+) states, mixed symmetric sector
We show in Table XV the channels and the thresholds that in this case give rise to
degenerate states in sector JP = 1/2−, 3/2−. The Dij coefficients are shown in Table XVI
and in Table XVII we find four states, three of them with zero width and the last one with a
large width. In Tables XVIII, XIX XX and XXI we show the couplings and wave functions
of these states. The state at 7418 MeV could be regarded as a ΣcB¯
∗ bound state, but it
also couples strongly to Ξ′cB¯
∗
s . The state at 7501 MeV could be identified with a ΣbD
∗ state,
the one at 7595 MeV as a Ξbcρ bound state, and the state at 7837 MeV and Γ ' 180 MeV
corresponds to a ΩbcK
∗ bound state which decays strongly in Ξbcω.
TABLE XV. Channels considered for sector JP = 1/2−, 3/2− (MS).
Channel Ξbcρ Ξbcω ΣcB¯
∗ ΣbD∗ ΩbcK∗ Ξbcφ Ξ′cB¯∗s Ξ′bD
∗
s
Threshold (MeV) 7694 7702 7779 7822 7882 7938 7993 8047
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TABLE XVI. Dij coefficients for sector J
P = 1/2−, 3/2− (MS).
JP = 1/2−, 3/2− Ξbcρ Ξbcω ΣcB¯∗ ΣbD∗ ΩbcK∗ Ξbcφ Ξ′cB¯∗s Ξ′bD
∗
s
Ξbcρ −2 0 0 12λ
√
3
2 0 0 0
Ξbcω 0 0 −
√
3
2 λ − 1√2 0 0 0
ΣcB¯
∗ −3 0 0 0 √3 0
ΣbD
∗ −3 0 0 0 √3
ΩbcK
∗ −1 1 0 1√
2
λ
Ξbcφ 0 0
1√
2
λ
Ξ′cB¯∗s −1 0
Ξ′bD
∗
s −1
TABLE XVII. Poles for vector-baryon(1/2) (MS) states (all units are in MeV).
qmax 600 650 700 750 800
7496.28 7418.47 7331.40 7236.01 7133.42
7565.71 7501.56 7431.85 7358.22 7282.17
7619.74 7595.24 7569.14 7541.98 7514.40
7861.84+i93.45 7837.81+i91.45 7810.81+86.76 7784.37+i79.86 7758.25+i70.40
TABLE XVIII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7418.47 Ξbcρ Ξbcω ΣcB¯
∗ ΣbD∗
gi 0 0 18.18 0
giG
II
i 0 0 -18.36 0
ΩbcK
∗ Ξbcφ Ξ′cB¯∗s Ξ′bD
∗
s
gi 0 0 -10.22 0
giG
II
i 0 0 6.91 0
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TABLE XIX. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7501.56 Ξbcρ Ξbcω ΣcB¯
∗ ΣbD∗
gi -0.62 0.44 0 9.91
giG
II
i 4.76 -3.28 0 -28.37
ΩbcK
∗ Ξbcφ Ξ′cB¯∗s Ξ′bD
∗
s
gi 0.41 0.05 0 -5.47
giG
II
i -1.85 -0.18 0 9.72
TABLE XX. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7595.24 Ξbcρ Ξbcω ΣcB¯
∗ ΣbD∗
gi 3.58 -0.28 0 1.03
giG
II
i -38.74 2.93 0 -3.84
ΩbcK
∗ Ξbcφ Ξ′cB¯∗s Ξ′bD
∗
s
gi -2.36 0.50 0 -0.66
giG
II
i 13.01 -2.24 0 1.38
TABLE XXI. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7837.81+i91.45 Ξbcρ Ξbcω ΣcB¯
∗ ΣbD∗
gi 0.04+i0.49 1.42+i0.49 0 -0.05+i0.01
giG
II
i -24.78-i9.65 -58.19+i55.70 0 1.86-i2.19
ΩbcK
∗ Ξbcφ Ξ′cB¯∗s Ξ′bD
∗
s
gi 3.45-i1.23 -2.07-i0.61 0 0.14-i0.57
giG
II
i -40.99-i8.16 14.22+i12.01 0 -1.13+i1.81
D. Vector-baryon(1/2+), mixed antisymmetric sector
In Table XXII we show the coupled channels and the thresholds and in Table XXIII
we show the Dij coefficients. The states are shown in Table XXIV. The couplings of the
states to the different channels are shown in Tables XXV, XXVI, XXVII and XXVIII. The
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7599 MeV and 7826 MeV states are basically the same states as before because the dominant
channel and decay channel appear in both the MS and MA representations.
TABLE XXII. Channels considered for sector JP = 1/2−, 3/2− (MA).
Channel ΛcB¯
∗ ΛbD∗ Ξbcρ Ξbcω ΩbcK∗ ΞcB¯∗s ΞbD∗s Ξbcφ
Threshold (MeV) 7611 7629 7694 7702 7882 7884 7905 7938
TABLE XXIII. Dij coefficients for sector J
P = 1/2−, 3/2− (MA).
JP = 1/2−, 3/2− ΛcB¯∗ ΛbD∗ Ξbcρ Ξbcω ΩbcK∗ ΞcB¯∗s ΞbD∗s Ξbcφ
ΛcB¯
∗ −1 ∼0 0 0 0 −1 0 0
ΛbD
∗ −1 −
√
3
2 λ −12λ 0 0 −1 0
Ξbcρ −2 0
√
3
2 0 0 0
Ξbcω 0 − 1√2 0 0 0
ΩbcK
∗ −1 0 1√
2
λ 1
ΞcB¯
∗
s −1 ∼0 0
ΞbD
∗
s −1 − 1√2λ
Ξbcφ 0
TABLE XXIV. Poles for vector-baryon(1/2) (MA) states (all units are in MeV).
qmax 600 650 700 750 800
7538.75 7508.55 7471.42 7427.31 7376.44
7559.38 7531.22 7497.76 7459.40 7416.60
7621.95 7599.65 7575.06 7548.85 7521.72
7853.18+i80.53 7826.83+i77.82 7798.50+i72.97 7769.94+i65.32 7740.93+i54.42
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TABLE XXV. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7508.55 ΛcB¯
∗ ΛbD∗ Ξbcρ Ξbcω
gi 7.49 0 0 0
giG
II
i -18.51 0 0 0
ΩbcK
∗ ΞcB¯∗s ΞbD∗s Ξbcφ
gi 0 7.22 0 0
giG
II
i 0 -6.94 0 0
TABLE XXVI. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7531.22 ΛcB¯
∗ ΛbD∗ Ξbcρ Ξbcω
gi 0 4.32 1.43 0.18
giG
II
i 0 -28.22 -12.03 -1.44
ΩbcK
∗ ΞcB¯∗s ΞbD∗s Ξbcφ
gi -0.71 0 3.97 0.23
giG
II
i 3.38 0 -9.64 -0.90
TABLE XXVII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7599.65 ΛcB¯
∗ ΛbD∗ Ξbcρ Ξbcω
gi 0 -0.74 3.35 -0.42
giG
II
i 0 8.59 -36.94 4.55
ΩbcK
∗ ΞcB¯∗s ΞbD∗s Ξbcφ
gi -2.30 0 -1.07 0.44
giG
II
i 12.79 0 3.05 -1.99
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TABLE XXVIII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7826.83+i77.82 ΛcB¯
∗ ΛbD∗ Ξbcρ Ξbcω
gi 0 -0.09+i0.03 0.11+i0.47 1.36+i0.40
giG
II
i 0 -1.43-i8.14 -23.63-i5.98 -50.30+i49.92
ΩbcK
∗ ΞcB¯∗s ΞbD∗s Ξbcφ
gi 3.23-i1.05 0 -1.87+i0.13 -2.07-i0.51
giG
II
i -38.27-i5.14 0 10.68+i4.71 15.03+i9.96
E. Pseudoscalar-baryon(3/2)+ states
In this case the spin wave function, χS, is full symmetric and the states generated are
in the sector JP = 3/2−. In Table XXIX we show the channels and the thresholds and in
Table XXX the Dij coefficients. We observe three states, one with a width of about 190 MeV
and the other two narrow. Inspecting Tables XXXII, XXXIII, XXXIV we can see that the
first state couples strongly to Ξ∗bcpi, which is open, and this is the reason for the large width.
The second state couples mostly to Σ∗bD and the third one to Σ
∗
cB¯.
TABLE XXIX. Channels considered for sector JP = 3/2− (S).
Channel Ξ∗bcpi Ξ
∗
bcη Ω
∗
bcK Σ
∗
bD Σ
∗
cB¯ Ξ
∗
bDs Ξ
∗
cB¯s
Threshold (MeV) 7124 7534 7542 7701 7797 7921 8013
TABLE XXX. Dij coefficients for sector J
P = 3/2− (S).
JP = 3/2− Ξ∗bcpi Ξ
∗
bcη Ω
∗
bcK Σ
∗
bD Σ
∗
cB¯ Ξ
∗
bDs Ξ
∗
cB¯s
Ξ∗bcpi −2 0
√
3
2
1
2λ 0 0 0
Ξ∗bcη 0 − 2√3 −
1√
2
λ 0 − 1√
6
λ 0
Ω∗bcK −1 0 0 1√2λ 0
Σ∗bD −3 0
√
3 0
Σ∗cB¯ −3 0
√
3
Ξ∗bDs −1 0
Ξ∗cB¯s −1
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TABLE XXXI. Poles for pesudoscalar-baryon(3/2) (S) states (all units are in MeV).
qmax 600 650 700 750 800
7198.92+i103.55 7198.33+i94.56 7196.86+i85.55 7195.05+i76.23 7195.23+i68.21
7455.11+i0.49 7393.03+i0.76 7326.17+i1.31 7531.93+i7.50 7180.43+i2.88
7513.15 7434.97 7347.43 7251.46 7148.17
TABLE XXXII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7198.33+i94.56 Ξ∗bcpi Ξ
∗
bcη Ω
∗
bcK Σ
∗
bD
gi 1.70+i1.23 -0.03-i0.11 -0.87-i0.74 -0.74-i0.50
giG
II
i -73.77-i12.77 0.06+i0.68 4.63+i5.57 1.36+i1.27
Σ∗cB¯ Ξ∗bDs Ξ
∗
cB¯s
gi 0 0.21+i0.25 0
giG
II
i 0 -0.26-i0.40 0
TABLE XXXIII. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7393.03+i0.76 Ξ∗bcpi Ξ
∗
bcη Ω
∗
bcK Σ
∗
bD
gi -0.02+i0.16 0.25-i0.03 0.05-i0.10 9.41-i0.03
giG
II
i -4.32-i2.86 -2.60+i0.27 -0.54+i1.07 -29.44+i0.04
Σ∗cB¯ Ξ∗bDs Ξ
∗
cB¯s
gi 0 -5.21+i0.01 0
giG
II
i 0 10.10-i0.01 0
TABLE XXXIV. Coupling constants to various channels and giG
II
i in MeV with qmax = 650 MeV.
7434.97 Ξ∗bcpi Ξ
∗
bcη Ω
∗
bcK Σ
∗
bD
gi 0 0 0 0
giG
II
i 0 0 0 0
Σ∗cB¯ Ξ∗bDs Ξ
∗
cB¯s
gi 18.14 0 -10.20
giG
II
i -18.47 0 6.94
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IV. WAVE FUNCTIONS
It is interesting to see how are the wave functions that we have generated. They are a
bit different than ordinary wave functions with local potentials decreasing very rapidly as
r → ∞. In order to see that, we have to go back to the work of Ref. [94], where we find
that the use of Eq. (28) with a G function regularized with a cut off qmax is equivalent to
solving the Lippmann-Schwinger equation with a potential
V (~q, ~q
′
) = V θ(qmax − |~q |) θ(qmax − |~q ′ |), (33)
which is a non-local potential. The wave function in momentum space is particularly easy
(see Eqs. (34), (47) of Ref. [94] and Eq. (105) of Ref. [95] generalizing to relativistic energies)
〈~q |ψ〉 = g θ(qmax − |~q |)
E − w1(~q )− w2(~q ) , (34)
where wi(~q ) =
√
m2i + ~q
2 and g is the coupling of the wave function to the channel with
particles 1 and 2.
The wave function in coordinate space is given by
〈~x |ψ〉 =
∫
d3q
(2pi)3/2
ei~q·~x 〈~q |ψ〉 = 2pi
(2pi)3/2
g
2
r
∫ qmax
0
q dq
1
E − w1(~q )− w2(~q ) sin(qr). (35)
It is interesting to note that unlike in ordinary potentials, which could be simulated
with qmax → ∞ and w1(~q ) + w2(~q ) and sin(qr) providing convergence in the q integration,
in our case qmax = 650 MeV corresponds to a value where ~q
2/m2i is very small and the
w1(~q ) + w2(~q ) term does not help in the convergence of the integral, which is determined
by qmax. One can then see that the shape of the wave function does not depend much on
E, which diverts from ordinary wave functions with rapidly decreasing local potential where
the size is roughly given by r = 1/
√
2µB, with µ the reduced mass and B the binding. We
show this in an example of a very bound component, the 7372 MeV state of Table VII, which
couples mostly to ΣbD.
In Fig. 2 we show the wave function corresponding to this channel. While naively we
would expect a size of around 0.2 fm according to the intuitive formula, we find that the
wave function extends much further and even at r ' 1 fm is not negligible. This can be
better appreciated in Fig. 3 where we plot the wave function squared times r2. We see that
it peaks around 0.7 fm and still has a sizable strength around 1 fm and beyond.
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FIG. 2. Wave function Ψ(r) corresponding to channel ΣbD.
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FIG. 3. The function r2 |Ψ(r)|2 corresponding to channel ΣbD.
V. CONCLUSIONS
We have studied the meson-baryon interaction in the sector corresponding to Ξbc quantum
numbers. We take the coupled channels that can lead to these quantum numbers and study
their interaction in s-wave. The model used for the interaction is based on an extrapolation
of the local hidden gauge approach, which uses vector exchange as the source of interaction.
The dominant terms come from the exchange of light vector mesons which render the heavy
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quarks as spectators and the approach automatically satisfies the heavy quark symmetry
rules. The interaction is properly unitarized in coupled channels and by looking at poles in
the second Riemann sheet we look for the states of the system. We consider the interaction
of pseudoscalars with baryons of JP = 1/2+, 3/2+ and of vectors with baryons of JP = 1/2+
and distinguish spin mixed symmetric and mixed antisymmetric states in analogy to the Ξ
and Ξ′ states. We find several states which correspond to bound meson-baryon states with
zero or small widths and a few that have a large width, Since the input used to generate
these states is the same one used to study Ωc and states of hidden charm, which produced
results in excellent agreement with experiment, we have confidence that the predictions made
are realistic and encourage the experimental search of such states. In some cases the main
decay channels have been identified and this can be useful in the planning of experimental
proposals.
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